On the basis of the chromogenic reaction of chromium(VI) with 1,5-diphenylcarbohydrazide (DPC) on the surface of Polysorb C-18 beads and the sequential injection renewable surface technique (SI-RST), a highly sensitive reflect spectrophotometric method for the determination of chromium(III) and chromium(VI) was proposed. Considerations of system and flow cell design, and factors that influence the determination performance were discussed. With 300 μl of sample loaded and 0.6 mg of beads trapped, the linear response range was 0.02 -0.5 mg l -1 Cr(VI) with a detection limit (3σ) of 2.4 μg l -1 Cr(VI). The method achieves a precision of 1.3% RSD (n = 11) and a throughput of 53 samples per hour. The determination of Cr(III) was based on the same reaction for the determination of Cr(VI) after being oxidized by (NH4)2S2O8. The precision of the oxidation method was evaluated using a 0.2 mg l -1 Cr(III) standard, yielding an RSD of 2.5% (n = 11). The average recovery of Cr(III) oxidized was tested to be 99.1%. The proposed method was used in the simultaneous determination of Cr(VI) and Cr(III) in water samples, and the error was less than 3%.
Introduction
Recently, the needs for determination of chemical components in various natural samples have increased especially in the research fields such as environmental chemistry and geochemistry. Chromium is one of the trace elements that have drawn attention in these fields. The interest in chromium is governed by the fact that its toxicity critically depends on its oxidation state: while chromium(III) is considered essential for mammals for the maintenance of glucose, lipid and protein metabolism, chromium(VI) is known to be toxic to humans. It is difficult to directly determine the chromium concentration without some pretreatment procedures because the concentration level of individual chromium is so low in an environmental sample. In an attempt to overcome such a limitation, numerous methods for separation and preconcentration methods for chromium have been developed. 1 Traditional methods for the speciation of chromium are relatively time-consuming, involving species separation based on solvent extraction, 2 ion exchange, 3 solid-phase extraction, 4 and so on. Solid phase spectrophotometry combined with flow analysis, based on the direct measurements on the solid phase packed in a flowthrough cell, has been reported, [5] [6] [7] this method is more sensitive than the conventional corresponding solution method and can be measured without using any expensive apparatus.
The use of flow injection renewable surface technique (FI-RST) offered a new approach for achieving concentrations of analytes on disposable sorbent beads, enhancing the sensitivity and removing interfering matrices, without the need for in situ regeneration of the sorbent. The methodology combines the advantages of solid-phase chemistry with the automated surface renewal manipulations.
The technique is based on the microfluidic manipulation of a precise volume of suspended beads that serve as a solid-phase carrier for reagents or reactive groups. The injected bead suspension is trapped at a strategic location in a flow injection manifold, where it is subsequently perfused by the analyte solution, buffers, or auxiliary reagents. Chemical reactions occur at the bead surfaces and can be analyzed in real time on the solid phase. At the end of the measurement cycle, the beads can be automatically discarded. The features of the technique make it possible to overcome the disadvantages of the loss of surface functional groups or surface deactivation by repetitive samples and the long times needed for surface regeneration or eluting. The beads are reproducibly introduced and released by a FI or sequential injection (SI) system with the reactive surface formed on the beads being renewed for each determination.
Such advantages make the technology applicable to a variety of chemical and biological assays. [8] [9] [10] 1,5-Diphenylcarbohydrazide (DPC) is widely used as the spectrophotometric reagent for Cr(VI) determination, because it is one of the sensitive and selective reagents. 11, 12 In the present paper, a sequential injection renewable surface reflect spectrophotometry on the basis of chromogenic reaction of Cr(VI) with DPC on the surface of Polysorb C-18 beads was proposed for the determination of Cr(III) and Cr(VI).
Experimental

Apparatus
The sequential injection system ( Fig. 1 ) was composed of a syringe pump (ASD-10, Bodenseewerk, Perkin-Elmer, Uberlingen, Germany) equipped with a 5.0 ml syringe, a threeway valve or a two-position valve, and a ten-port distribution valve (Valco, Houston, TX, USA). The syringe pump, twoposition valve and the distribution valve were controlled by a 1233 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 2006 © The Japan Society for Analytical Chemistry personal computer using software written in Visual Basic. A Model Lambda 3 spectrophotometer (Perkin-Elmer Co., Germany) was used for measuring absorbence, and a chart recorder was used to record the peak traces. A Model PHS-2 pH meter (Shanghai Second Analytical Instrument Factory, Shanghai, China) was used for pH measurements.
A microchip-based flow-through cell (Fig. 2 ) structured in three-layer form was used for SI-RST assay by reflectance spectrophotometry. The design of the microchip flow-through cell was described in Ref. 13 . The flow channel (1.8 mm width and 10 mm length) of the flow cell was cut into a silicone rubber membrane (500 μm thick) which formed the middle layer, and a porous filter (pore diameter 20 μm, Transgenomic, Omaha, USA) was inlaid across a widened section of the channel to trap microbeads introduced. The middle layer was fixed between a top layer (transparent PMMA plexiglass, 30 × 25 × 2 mm) and a bottom layer (optical glass, 30 × 25 × 1.5 mm). The monitoring area was about 3.2 mm 2 . The effective volume of the flow cell was 1.6 μl. The flow cell was coupled to a SI system and a multistrand bifurcated optical fiber spectrophotometric detection system (Fig. 1) .
A multistrand bifurcated optical fiber (Chunhui High Tech. Co., Nanjing, China) was composed of 32 fibers (core diameter of 100 μm) for incident light and 32 fibers (core diameter of 100 μm) for reflected light. The three terminals of the multistrand bifurcated optical fiber were coupled respectively with incident light (in spectrophotometer), detector (in spectrophotometer) and the detection window of the flow cell. The flow manifold is shown in Fig. 1 . PTFE tube with 0.8 mm i.d. was used to fabricate the holding coil and to make connections. The volume of the tube between flow-through cell and the ten-port distribution valve was 100 μl, and the volume of the holding coil was 1100 μl. The bead suspension was kept stirring in a rotating flask.
Reagents
The optimized concentration of the bead suspension used in this work was 2.4 mg ml -1 . The bead suspension was prepared by mixing 0.12 g Polysorb ACT-1 C-18 bead (20 -60 μm i.d., Transgenomic, Omaha, USA) with 50 ml 2% (v/v) ethanol solution; DPC (Shanghai Chem. Co. No. 3, Shanghai, China) stock solution was prepared to 0.05% (w/v) with 20% (v/v) methanol solution, and stored in the dark and below 4˚C; Cr(VI) stock solution was prepared to 100 mg l -1 by dissolving K2Cr2O7 in 1.0 mol l -1 H2SO4 and Cr(III) stock solution was prepared to 100 mg l -1 by dissolving Cr(NO3)3·9H2O in 1.0 mol l -1 H2SO4. The standard solutions in different concentrations were prepared daily by stepwise dilution of the stock solutions of Cr(III) and Cr(VI) using 1.0 mol l -1 H2SO4 solution; (NH4)2S2O8 solution was prepared to 10.0 g l -1 . All the used reagents were of analytical grade or better, and double-distilled water was used throughout.
Operation procedure
The chromogenic reaction of Cr(VI) with DPC on the surface of Polysorb C-18 beads was monitored at 540 nm by SI-RST reflect spectrophotometry. The stages of operation and the function of each step are listed in Table 1 . In steps 1 -7, the washing water, air segment, sample, 1.0 mol l -1 H2SO4 buffer, 0.05% DPC solution, suspension of Polysorb C-18 microbeads and washing water zones were aspirated in a holding coil; the resulting sequence of the metered zones in the holding coil before loading is shown schematically in Fig. 3 . In steps 8 -9, the flow-through cell with the connecting tube is washed, the bead suspension is loaded in the flow-through cell and the beads are trapped. Then, DPC solution perfuses the bead layer and DPC is absorbed on the bead surfaces. After that, H2SO4 buffer perfuses the bead layer and the baseline is formed. In step 10, the Cr(VI) sample was loaded in the flow cell and reaction with DPC took place on the bead surface; the absorbance peak was recorded in real time. After sample loading, the waste microbeads was back-sucked in holding coil and flushed to waste, and the connecting tube and the holding coil were cleaned with water (steps 11 -13). The typical absorbance-time curve recorded in real time is shown in Fig. 4 .
Results and Discussion
Optimization of SI-RST optic-fiber sensor spectrophotometer and the procedure of operation
In the present work, a locally built chip-based flow-through cell was used to trap the microbeads in the flow-through cell. A multistrand bifurcated optical fiber was used for coupling the 1234 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 chip-based flow-through cell to the spectrophotometer. The channel width of the flow-through cell was designed to be similar to the diameter of the common terminal of the incident and reflectant multistrand fibers, so that as much as possible of the incident light from the fibers could be introduced into the microbead layer, while the reflectant light from the microbead surface could be collected and introduced into the detector. The incident beam of the spectrophotometer was focused to a light spot of about 4 × 4 mm, which was much larger than the diameter of the incident terminal of the multistrand fibers. In order to focus the beam, an additional lens of 5 mm o.d. was fixed in front of the incident terminal of the fibers. The optimizations of SI system and flow-through cell designs were discussed in detail previously. 13 The optimization of experimental parameters was made on the basic experimental setup described in the Apparatus section. The length of the holding coil was chosen to be sufficient for accommodating the various zones introduced prior to sample loading. The pump speeds chosen in each step were the highest applicable without forming air bubbles during aspiration and were acceptable for the backpressure during bead suspension, buffer and sample loading.
Optimization of experimental parameters for determination of chromium(VI)
The optimum concentration of H2SO4 buffer was studied by varying the concentration between 0.1 and 1.0 mol l -1 using the procedure described in the section, Operation procedure with 0.5 mg l -1 Cr(VI) sample. A significant reduction in absorbance was observed for the concentrations of H2SO4 less than 0.5 mol l -1 . A buffer concentration of 1.0 mol l -1 was adopted in the present work. The optimum usage amount of DPC absorbed on the microbead surface was studied by varying the volume of 0.05% DPC loading using the optimization procedure with 0.2 mg l -1 Cr(VI) sample. The influence of the DPC usage amount on the absorbance is shown in Fig. 5 . The amount of 20 μg DPC per 1.0 mg of microbeads (e.g. 24 μl of 0.05% DPC solution for 0.60 mg of microbeads) was selected.
The sensitivity for the determination of Cr(VI) was influenced by the flow rate and by the volume of the sample loading. With a concentration of 0.5 mg l -1 Cr(VI) sample and a flow rate of 1.0 ml min -1 , test showed that the signals almost linearly increased with the volume increase while the sample volume was less than 300 μl, and the curve gradually leveled off after the sample volume went up to 700 μl. Although bigger sample volume may produce higher signals, the time required for each run was enhanced. The highest back-pressure accepted by the SI-RST system was that formed by the biggest flow rate of 2.0 ml min -1 sample loading. As a compromise between the sensitivity and the sample throughput, 300 μl of sample volume and 1.0 ml min -1 of flow rate were selected. The calibration graph for the determination of Cr(VI) was constructed under the optimized reaction conditions. The analytical performance for determination of Cr(VI) is listed in Holding coil and flow cell washing a. "+" for aspirating in holding coil and "-" for pushing out holding coil.
Step No. . a, Steps 1 -7; b, steps 8 -9; c, step 10; d, steps 11 -13 in Table 1 . below 0.02 mg l -1 , the method can be modified by adding the sampling volume at the expense of a reduced sample throughput.
Two
Compared with traditional UV-Vis spectrophotometric method based on the chromogenic reaction of Cr(VI) with DPC for the determination of Cr(III) and/or Cr(VI), 14 the present automated method has the merits of more than 90% sample and reagent saving, better reproducibility, less manual operation, higher analytical speed, and as well as a lower concentration which can be determined. The detection limit and the lowest concentration in the linear range of this method are about onetenth of those determined by the traditional UV-Vis spectrophotometric method, 0.02 mg l -1 and 0.1 mg l -1 , respectively.
Compared with the traditional solid phase spectrophotometry (summarized in references), 1, 7 the present method based on SI-RST has the merits of higher analytical speed and avoidance of sorbent regeneration process.
Optimization of the oxidization of chromium(III)
The determination of Cr(III) was based on the determination of Cr(VI) and Crtotal (total chromium), that is, Cr(III) in a sample was oxidized to Cr(VI) with an oxidizing reagent before reaction with DPC, then the total chromium was determined by the same method with Cr(VI). The content of Cr(III) in a sample was obtained by subtracting the amount of Cr(VI) from the total chromium.
Comparative experiments were carried through for the oxidation of Cr(III) to Cr(VI) by the two oxidants KMnO4 and (NH4)2S2O8, and a good recovery was observed by the (NH4)2S2O8 oxidation method. 14 (NH4)2S2O8 was selected as the oxidant for Cr(III) in 1.0 mol l -1 H2SO4 in the present work. The amount of (NH4)2S2O8 used for Cr(III) oxidation was optimized by the following process. A suitable volume of 10.0 g l -1 (NH4)2S2O8 solution was added in 25.0 ml of 1.0 mol l -1 H2SO4 solution with 1.0 mg l -1 Cr(III); the mixing solution was heated and kept slightly boiling for 20 min, the Cr(III) was oxidized and the superfluous (NH4)2S2O8 was decomposed by heating. The solution was cooled and adjusted to 50 ml with 1.0 mol l -1 H2SO4, and the solutions were determined by the same method with Cr(VI) sample. The influence of the amount of (NH4)2S2O8 used on the determination is shown in Fig. 6 . A seven milligrams of the (NH4)2S2O8 was used for the oxidation of 25.0 ml of 1.0 mg l -1 Cr(III) in the present work.
The heating time for the oxidation reaction and the decomposition of superfluous (NH4)2S2O8 were optimized. A different heating time was used for heating the reaction solution which contained 7.0 mg of (NH4)2S2O8 and 25.0 ml of 0.03 mg l -1 Cr(III) in 1.0 mol l -1 H2SO4 solution; the solutions were determined by the same method with Cr(VI).
The determination results show that the absorbance was at a stable value when the heating time was longer than 15 min. Twenty minutes were selected in the present work.
The precision of the oxidation method was evaluated by oxidation and determination of 0.2 mg l -1 Cr(III) standard solutions, yielding an RSD of 2.5% (n = 11). The recovery of Cr(III) oxidized was tested by adding 0.20 mg l -1 Cr(III) in 0.20 mg l -1 Cr(VI). The average recovery of Cr(III) oxidized was tested to be 99.1%, and the recovery range was from 98 to 103%.
Application
The proposed method was applied for the determination of Cr(III) and Cr(VI) in six simulation samples. The concentration of Cr(III) and Cr(VI) in the six simulation samples was 0.200 mg l -1 . The determination of Cr(III) was based on the determination of Cr(VI) and Crtotal (total chromium), that is, Cr(III) in the sample was oxidized to Cr(VI) before reaction with DPC, then the total chromium was determined by the same method with Cr(VI). The content of Cr(III) in the sample was calculated as following: Cr(III)evaluated = Crtotal found -Cr(VI)found. The average recovery of Cr(III) was tested to be 99.6%, and the recovery range was from 97 to 103%. The average recovery of Cr(VI) was tested to be 101.2%, and the recovery range was from 98 to 103%. 
